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1. Resume 
The “Simulation of the cooperation of alternative sources of energy to supply electric power” 
has as a main objective modelling a Proton Exchange Membrane Fuel Cell in 
Matlab/Simulink in order to investigate its performance afterwards. Moreover, determining 
the delete in time from the instant in which fuel is supplied until the energy is produced is a 
crucial goal to be solved so that it can be decided whether the cooperation with photovoltaic 
cells can run without the need of an external battery or not. 
Once the fuel cell has been implemented in Matlab/Simulink, the methodology to test the 
model is based on simulating the extremist situations in which it should work: summer and 
winter. Since it is desired alternative sources of energy to grow in popularity, the locations 
chosen for the model’s test are academic areas: an international student dormitory and a 
faculty of KTU.  
No sooner has the PEMFC been tested, it is proved that there is no delay in time to react 
having as a result the justification of the cooperation with photovoltaic cells without the need 
of an external battery.  
Finally the feasibility of the cooperation is concluded pointing out the main advantage of the 
clean by-products and the option to spread the knowledge about alternative energies. 
However, the main drawback is the hydrogen’s price, which cannot be overcome by fuel cells 
itself. Despite the fact that investigations have turned out to reduce the hydrogen’s 
consumption, a general change in the society should be made to lower the fuel’s price 
becoming competitive with the other fuels used nowadays. 
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4. Glossary 
∆G: Variation of Gibbs’s free energy 
∆H: Variation of enthalpy 
∆S: Variation of entropy 
AFC: Alkaline Fuel Cell 
DC: Direct current 
FC: Fuel Cell 
MEA: Membrane Electrode Assembly 
PAFC: Phosphoric Acid Fuel Cell 
PEMFC: Proton Exchange Membrane Fuel Cell 
PV-C: Photovoltaic Cell 
SOFC: Solid Oxide Fuel Cell 
N0: Number of Fuel Cells 
V: Output potential of one Fuel Cell 
U: Internal energy 
Q: heat exchanged with the environment 
W: Work done by the system 
q: electrical charge per mole of reactant 
E: electrical potential 
z: electrons exchanged per molecule 
n: electrons exchanged per mole 
Nav: Avogadro’s number 
qel: Electrical charge of one electron 
Pág. 8  Memoria 
  
F: Faraday’s constant 
SPLM: Standard litre per minute (conditions of 298 K and 1 atm) 
R: Ideal gas law constant 
T: Temperature 
α: charge transfer coefficient 
ifc: current density generated by the fuel cell 
i0: exchange current density 
in: internal current density 
r: area-specific resistance 
m and n: constants in the mass transfer voltage 
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5. Introduction 
The “Simulation of the cooperation of alternative sources of energy to supply electric power” 
shows how powerful the newest sources of energy can be. The work is focused in two main 
academic areas: international dormitory and a faculty, both property of Kaunas University of 
Technology. Obviously, one of the main goals is to let fuel cells and photovoltaic cells to 
increase its popularity in the student atmosphere by spreading a general environmental 
friendly consciousness in academic areas. 
Not only spreading the knowledge about alternative energies is the goal of the project, but 
also simulating its performance in order to verify its feasibility to replace the electrical power 
supplied by the grid. This challenge has already been taken by some car companies, such 
as Honda or Toyota, which have designed cars non-dependent on current fuels but indeed 
running on fuel cells. As a consequence, by having been implemented in cars the non-delay 
in reaction time to produce energy is proved and its real implementation is done. 
The main motivation to carry out this project is that although fuel cells are not as popular as 
other alternative sources, its growth expectancies are high as they do not generate any 
pollutant by-product but water and heat instead. Fuel cells have been used in NASA’s 
expeditions to supply energy and to produce water. Therefore by making hydrogen 
economically accessible many dry regions would benefit from fuel cells. Being possible to 
have hydrogen as gas is used nowadays, a non-grid-dependence society could have 
electrical energy by producing the exact amount at the right time.    
The project is modelled in Matlab/Simulink environment which is a powerful tool that enables 
to perform the desired timeline changing conditions and also obtain the tendency graph of 
the data generated.  
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6. Objectives 
The goals of this project are classified in the different main parts in which it is structured. First 
of all, there are some general aims that have been the motivation to carry out this work: 
- Simulate the performance of the combination of two different sources of alternative 
energies (photovoltaic and fuel cells) to supply energy to the dormitory and the KTU 
faculty. 
- Evaluate the economical viability in different weather conditions corresponding to the 
months of August and January. 
- Promote the implementation of alternative sources in academic areas. 
6.1 Fuel Cell Model 
- Simulate the performance of the Fuel Cell in different conditions of pressure and 
intensity in order to determine the necessary inputs’ flow. 
- Determine the optimal working point -pressure and intensity values- of the model 
designed. 
- Investigate the delete in time from the change in the inputs until the right amount of 
electric power is supplied. 
6.2 Combination of Alternative Energies 
- Simulate the cooperation of photovoltaic and fuel cells in the months of August and 
January, which correspond to the most extreme weather conditions.  
- Determine the delete in time to stabilize for both alternative energies in case of 
sudden change of inputs and assess the option of implementing an external battery. 
6.3 Economical Evaluation 
- Calculate the general economical viability 
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7. Fuel Cells 
Fuel Cells are an alternative source of energy based in an electrochemical device able to 
produce electrical energy in a combustion free process and to generate clean by products 
such as water and heat (see more in section 7.3).  
The principle reaction produced is the inverse of the water electrolysis, which was discovered 
in 1839 by Sir William Grove when demonstrating its reversibility. But not until Francis T. 
Bacon published the results of the alkaline cell prototype in 1950 did fuel cells have any 
practical application.  
Nowadays, the expectations of fuel cell system capacity growth in different areas are 
exponential as you can see in Figure 1: Fuel Cell System capacity shipped by market sector.   
It is not surprising that these electrochemical devices are considered the most promising 
innovation in the market of alternative energies due to the multiple advantages listed 
below:[1] 
- Don’t inflict on the environment with pollutant emissions such as CO2. 
- Clean and compact construction 
- Have few movable parts, therefore the reaction is quiet 
Figure 1: Fuel Cell System capacity shipped by market sector. [1] 
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- Are compatible with distributed generation that results to be a model toward a more 
diverse and resilient grid infrastructure that includes widely dispersed and smaller 
generation power plants. 
Although the many advantages they are not commonly used due to not having a mature 
enough technology to be a feasible solution for the world market and the fact that hydrogen 
and oxygen are not yet commercially available in the quantities required for cost-effective use 
in fuel cells. 
 
7.1 Fuel Cell types 
The difference between fuel cells depends on the electrolyte used. As the application of the 
fuel cell model is focused on a dormitory and the KTU faculty the range of fuel cells 
described in this section covers from 1 to 500 kW, though that much energy is not necessary 
it gives a general overview of the current fuel cells. The ones compared are: Proton 
Exchange Membrane Fuel Cell (PEMFC), Alkaline Fuel Cell (AFC), Solid Oxide Fuel Cell 
(SOFC) and Phosphoric Acid Fuel Cell (PAFC), which are the ones in development and 
seem more feasible. 
In the next sections you will find a resume focused in the main applications of each type, their 
efficiencies, the range of electrical power able to generate, the power density and some other 
important data. The explanation is written in order to do a further comparison and decision on 
the best type to use.  
 
7.1.1 Proton Exchange Membrane Fuel Cell (PEMFC) 
The PEMFC is also called low-temperature PEM fuel cell since it operates at 100 ºC as 
maximum and is usually working around 80 ºC. Its electrolyte is a water-based acidic 
polymer membrane, which gives name to the cell. Due to the relatively low temperatures they 
start up rapidly from cold but at the same time the reaction occurs at a very low rate and 
therefore a catalyst is used. The fuel must be pure hydrogen since the catalyst is very 
susceptible to poisoning by carbon monoxide and other impurities. [2] 
Mainly, they are used in residential and commercial power sources, either uninterruptible 
power system or primary power units, and in electric vehicles. They are also used in portable 
applications in the military area (portable soldier power or skid mounted fuel cell generator), 
Auxiliary Power Units and small or large personal electronics. As can be deduced from the 
wide range of applications, the electric power available can vary from 5 up to 500 kW ¡Error! 
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No se encuentra el origen de la referencia.. Moreover, the efficiencies are around 40-50 
% and the power density is generally 0.72 W/ cm2 [4].In this type of cell the hydrogen ion 
migrates from anode to cathode to meet the oxygen and form water as can be seen in the 
following reactions: 
    
      
     
           
 
7.1.2 Alkaline Fuel Cell (AFC) 
The AFC is one of the most developed fuel cell technologies and is mainly used in space 
vehicles, for instance; NASA has been using it for missions since the mid 1960s.  
The electrolyte used is potassium hydroxide in water, which allows hydroxyl ions migrate to 
the anode to form water. The newer cells operate at similar temperatures to PEM cells, which 
is around 80 ºC ¡Error! No se encuentra el origen de la referencia.. Because of that, they 
have some characteristics in common with PEMFC such as fast start up or the need of a 
catalyst to accelerate the reaction. Therefore, only pure hydrogen and oxygen can be used 
avoiding by this the carbon monoxide to poison the catalyst. In addition, both input flows 
must be free from carbon dioxide as this reacts inhibiting the cell performance. 
The electric power supplied can vary from 1 to 10 kW and the efficiency is approximately 50 
%, though 60 % was achieved for supplying energy to NASA’s Space Shuttle Fleet ¡Error! 
No se encuentra el origen de la referencia.. Moreover, power densities are smaller than 
the ones obtained by PEMFC, having a value of 0.1 W/cm2 approximately [9]. 
Finally, the reactions that take place are: 
- Anode: 2H2 + 4OH
-  4H2O + 4e
- 
- Cathode: O2 + 2H2O + 4e-  4OH
- 
 
 
7.1.3 Phosphoric acid fuel cell (PAFC) 
As the name suggests, PAFC use liquid phosphoric acid as the electrolyte. The working 
temperature can vary from 150 to 200 ºC, but still require some catalysts to promote activity 
¡Error! No se encuentra el origen de la referencia.. The reactions that take place in PAFC 
are exactly the same as in PEMFC (explained in 7.1.1) the difference is that because of the 
higher operation temperatures they occur at a faster rate. However, the efficiency is 37 - 42 
% and because of working at higher temperatures they take longer to warm up. They are 
currently working with output powers ranging from 100 – 400 kW and their power density is 
14   
  
0.16 W/cm2 [9]. Mainly, they have been used in 200-kQ CHP systems and to power buses. 
Also, they have been successfully proved to be able to supply energy as stationary 
applications. 
PAFCs are CO2 tolerant and can even tolerate a CO concentration of about 1.5 % 
 
7.1.4 Solid Oxide Fuel Cell (SOFC) 
SOFC uses a solid ceramic electrolyte instead of a liquid or membrane. The operating 
temperatures range 600 to 1000 °C and its use is almost entirely for stand-alone and 
combined heat and power applications ¡Error! No se encuentra el origen de la referencia.. 
Their high operating temperature means that fuels can be reformed within the cell itself, 
allowing the unit to be fed with variety of hydrocarbon fuels. Moreover, they are relatively 
resistant to small quantities of sulphur in the fuel. Although great dissipation is expected and 
to recover the heat integration with gas-powered micro-turbines has to be done, high reaction 
rates can be achieved without expensive catalysts due to the high working temperature. 
These types can as well cover a wide range of electrical power from 5 up to 500 kW. 
In this case, the efficiencies are 50 - 60 % and the power density depending on the design 
ranges from 0.18 to 0.35 W/cm2. [1] 
The reactions produced are as follow:  
- Anode:     
           
    
- Cathode:  
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7.2 Fuel Cell type most suitable 
The aim is to supply energy to the dormitory and the faculty. A further discussion is carried 
out in order to decide the most suitable fuel cell type.  
First of all, in Table 1 you can find a resume of the ideas already explained in the previous 
sections. 
 PEMFC AFC PAFC SOCF 
Temperature <100 ºC 80 ºC 150 – 200 ºC 600 – 1000 ºC 
Electrical Power Supplied 5 – 500 kW 1 – 10 kW 100 – 400 kW 5 – 500 kW 
Efficiency 40 – 50 % 50 % 37 – 42 % 50- 60 % 
Power density 0.33 W/cm2 0.1 W/cm2 0.16 W/cm2 0.27 W/cm2 
 
As already mentioned, PEMFC and AFC are considered low temperature fuel cells and 
SOFC is high temperature fuel cell whereas PAFC falls in between. The main advantage of 
the low-temperature is that it enables a fast start-up of operation. Moreover, low-temperature 
fuel cells do not require the cooling and thermal shielding. Because of these statements, high 
temperature fuel cells are not considered anymore.  
Although PEMFC’s efficiency is slightly lower than AFC’s, they cover a wider range of 
electrical power and have a higher power density. So the most suitable fuel cell to develop in 
order to meet shifts with the electrical power necessary is the PEMFC. 
 
Table 1: Main data from the different types of Fuel Cells 
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7.3 Operation of PEMFC 
Fuel Cells are electrochemical devices in which the fuel and oxidizer are supplied 
continuously; therefore they can generate continuous electric power. The basic element of 
the PEMFC is the electrochemical cell that is composed of two electrodes – anode and 
cathode-, the electrolyte, bipolar plates, catalyst and gas diffusion layers. In Figure 2 you can 
see these components. 
 
Basically, the hydrogen is supplied in gas form to the anode through the bipolar plates and 
expands in all the electrode area thanks to the gas diffusion layers. Then the hydrogen 
meets the catalyst -since it covers the electrode- and because of that the dissociation 
reaction is accelerated and hydrogen is therefore separated into protons and electrons.  After 
the reaction being produced, the hydrogen ions are attracted by the membrane whereas the 
electrons are not allowed to cross it and have to follow a different path. No matter what the 
path is, both electrons and ionized fuel end up at the cathode. 
In the cathode the oxidizer, that in this particular case is the oxygen, is supplied. Actually, it is 
not pure oxygen supplied but air. Likewise in the procedure explained before, oxygen 
expands in all the electrode area thanks to the gas diffusion layers and then meets the 
catalysts. In that case, the catalysts accelerate the reduction reaction which combines the 
hydrogen ions, the electrons coming from the external path and the oxygen fed, having water 
as a result. Finally, since the reaction is exothermic heat is released.  
 
Figure 2: Components of the PEMFC 
Figure 3: Scheme of the components in the PEMFC [9] 
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The following reactions correspond to the anode and cathode’s respectively. 
H2   2H
+ + 2e - 
O2 + 4H
+ + 4e-  2H2O 
Moreover, we have to remember that the aim of a fuel cell is to generate electrical energy. As 
a result of the reaction, the accumulated electrons in the anode form an electrical field and 
find their way through an external path in which an electrical load is located and electrical 
current is produced.  
To have a better idea of how they exactly work you could have a look at the Figure 4, which 
is a scheme about it. 
 
Finally, it is also very important to take into account some extra-operations that must be 
carried out in order to keep the fuel cell in a perfect state [1]:  
 
- The water must be removed in order to avoid the cell being flooded and rendered 
inoperative. 
- It is necessary to use pure H2 because otherwise the particles may degrade the 
fuel cell membrane life. 
- Sulphur and carbon monoxide, both of them coming from the reforming of 
hydrocarbons or fossil fuels ¡Error! No se encuentra el origen de la referencia., 
must be removed since they contaminate the platinum catalyst thus degrading fuel 
cell performance with time.   
Figure 4: Scheme of how PEMFC operates 
Figure 5: Diagram of PEMFC operation method 
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7.4 Components 
As previously seen, the main parts of a PEMFC are illustrated in the Figure 2. The questions 
related to what they are made of and their main functions are discussed in the following 
sections. 
 
7.4.1 Bipolar plates 
The bipolar plates are situated in the extremes of the cell. Their function is to bring the 
reactant gases via machined flow channels to the MEA and help to distribute the reactants 
into the surface of the electrodes. Furthermore, they collect the current produced by the 
electrochemical reaction [9]. 
They are usually made out of graphite since it has many of the physical and chemical 
properties required: good electrical and thermal conductivity, good mechanical strength, 
chemical stability, light, strong and impermeable to gas. 
 
7.4.2 Anode and cathode electrodes 
An electrode is an electrical conductor used to make contact with a non-metallic part of a 
circuit, in the fuel cell it is referred either to the anode –if electrons leave the cell- or the 
cathode – if electrons enter the cell. The electrodes are electrically insulated from each other 
by the membrane. 
The main function of them is to let the reaction take place in their surface. Since the fuel 
oxidation and the oxygen reduction are kinetically slow, both electrodes consist of a layer of 
catalyst particles, usually platinum deposited on the surface of larger particles of carbon 
support powder.  
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7.4.3 Catalyst 
A catalyst is a substance that participates in the reaction only to increase its speed but it is 
not consumed or chemically modified. The key to accelerate the reaction is to reduce the 
activation energy by making the reaction follow a different path based on producing 
intermediates products, as you can see in the following reactions which exemplify the 
hydrogen dissociation in contact with platinum: 
H2 + 2Pt  2Pt – H 
2Pt-H  2Pt + 2H+ + 2e- 
As shown in Figure 6, a reaction with catalyst needs to overcome a lower value of activation 
energy, having as a result a shorter time to obtain the products. 
 
The reaction that takes place in the cathode, as already mentioned, is kinetically 
slow. Specifically, the reduction of oxygen is 100 times slower than the oxidation of 
hydrogen. Because of that, it is an important point to optimize the catalyst necessary 
quantity taking into account the high price of it against the speed of the reaction and 
the good performance of the fuel cell. 
Figure 6: Comparison of the activation energy depending on the 
existence or not of the catalyst 
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7.4.4 Membrane 
The basic material used for the membrane is polyethylene, which has been modified by 
substituting fluorine for hydrogen to yield polytetrafluoroethylene in order to make the 
membrane very durable and chemical-resistant. The combination of sulfonic acid and 
polytetrafluoroethylene, is named Nafion and gets to attract H+ ions into the electrolyte [16].  
The aim of the membrane is to conduct only the hydrogen ions. This is possible thanks to the 
organic composition that makes the membrane become a good electrical insulator, having as 
a result the electrons being forced to travel around an external conductive path to the 
cathode. This one direction movement of the protons is essential for its proper performance, 
otherwise the connection between electrodes and the load would be open and no current 
would exist.  
All these different protons/electrons transfers are only possible as long as the membrane is 
well hydrated. The conductivity increases linearly with the relative humidity except being the 
fuel cell working temperature above 80 ºC, since at that point the membrane can’t retain that 
much water and a water management control must be carried out. That control must make 
sure that there is not so much water that the electrodes that are bonded to the 
electrolyte flood, blocking the pores in the electrodes or the gas diffusion layer and 
that there is enough water to let the protons be attracted by the membrane and have 
an almost free movement through it. 
The last point to mention regarding the membrane is about the crossover. Although the 
membrane should be totally impermeable to electrons, there are some that together with the 
hydrogen fed that can manage to cross it and get to the cathode. The consequence of this 
situation is lower voltage obtained since there is more fuel consumed but not used to 
produce energy.  
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7.4.5 MEA: Membrane Electrode Assembly 
The MEA consists of the electrolyte membrane sandwiched between the anode and cathode 
electrodes. It determines the performance of the Fuel Cell ¡Error! No se encuentra el 
origen de la referencia.. Next to the MEA, in each side, there are the diffusion gas layers. 
These gas layers are fundamental for the performance of the fuel cell since their main four 
functions are as follows: help to diffuse the gas to the electrodes, support mechanically the 
MEA, be an enter and exit way for the electrons into and out of the cell and take out the 
water produced in the cathode. 
 
7.5 Connecting Cells in Series 
The usual tension obtained out of a fuel cell is approximately 0.7 V and its efficiency is no 
more than 60 %. Since almost always much more voltage is needed, fuel cells can be 
connected in series forming a fuel cell stack and the final voltage obtained is the sum of each 
cell voltage.   
             
  
   
      
In order to avoid a price and weight rise, each fuel cell is united to the next one through the 
bipolar plates as shown in Figure 7: Connecting cells in Serie. As you can see, the bipolar 
plate has a double canalization that lets them be in contact with the anode of one fuel cell 
and the cathode of the next one, establishing like this a connection in which losses are 
minimal. In addition, they have channels cut in them so that the gas can flow over the face of 
the electrodes. Also, all of them are made out of impermeable to gas material, otherwise the 
reactants gases could be mixed and as a result they would react earlier and the electrons 
could not be used for their purpose. 
 
 
 
Figure 7: Connecting cells in Serie 
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7.6 Thermodynamics of PEMFC’s potential 
The energy produced by a fuel cell is due to the immediate transformation of the input fuel’s 
energy to electricity. As stated by the thermodynamic laws, because of entropy and heat 
transfer not all the existing energy can be used for its purpose. Therefore, this section 
explains from a theoretical point of view the differences between the total existing energy in a 
fuel and the final available energy. 
First of all, as it is commonly known, the energy does not disappear but transforms to other 
sorts of energy as demonstrated by the first thermodynamics law. The formulation of which 
is: 
         
Where, 
- U is the internal energy, which corresponds to the intrinsic energy any fuel has 
because of the movements and interactions of the particles in a molecular scale.  
- Q is the heat supplied to the system by its surroundings. 
- W is the work done by the system on its surroundings. 
Basically, this law considers that any change in the internal energy of a fuel in an enclosed 
system corresponds to the heat transfer from the environment to the fuel minus the amount 
of work done by the system on its surroundings. 
On one hand, in the particular case of fuel cells, the work done is electrical and can be 
described as the electrical charge (q) multiplied by the electrical potential (E).  
     
Furthermore, the electrical charge transferred by a mole of hydrogen is related to the number 
of electrons exchanged for each molecule of hydrogen (z) and the electrical charge of the 
electrons.  
          
- q (C/mole) total electrical charge transferred by one mole of hydrogen 
- z (electrons/molecule) electrons exchanged per molecule of hydrogen 
- Nav (molecule/mole) Avogadro’s number: 6,023*10
23  
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- qel (C/electron) charge of one electron: 1,3052*10
-19 
Because of the electrochemical characteristic of the fuel cells the Faraday’s constant is used 
and the last expression can be changed into: 
              
n (electrons/mole) in this case is the electrons exchanged per mole, which are 2 as can be 
deduced from the water formation reaction. 
- F (C/mole) Faraday’s constant: 96485 
- E (V) electrical potential 
On the other hand, the total amount of energy able to be transformed in a fuel cell is 
expressed by Gibbs’ free energy of formation. This law mentions the entropy -commonly 
understood as a measure of disorder- as the reason why not all the energy is usable.  
             
Where, 
-    Gibbs’ free energy  
-    variation of enthalpy 
-    variation of the entropy 
From tabulated data [12] at the temperature and pressure conditions of the PEMFC model 
the Gibbs free energy of formation is -228.8 kJ/mole. 
Finally, in order to find the potential of the fuel cell we just need to compare the available 
energy calculated through Gibb’s equation vs. the electrical work expression discussed 
through the thermodynamic laws, assuming that there are no irreversibilities: 
              
Therefore,  
  
   
  
 
            
             
         
Note that not only no irreversibilities are assumed, but also pure hydrogen and oxygen fed. In 
practice, the voltage is lower as explained in section 7.7. 
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7.7 Electricity of the Fuel Cell 
The voltage of the fuel cell if there is no load connected, known as open circuit 
voltage, is 1.186 V. Although running the model at different current densities, this 
value is never achieved. The following graph shows the polarization curve, which best 
describes the performance of a fuel cell. 
 
As you can see, three main parts can be distinguished: 
Part 1: Open circuit voltage. The voltage is lower than the ideal and a sharp drop of 
the voltage is produced whilst starting to generate current. The activation losses and 
crossover are the responsible for this part of the curve. 
Part 2: The voltage loss is almost lineal meaning that the ohmic losses predominate 
Part 3: There is again a sharp drop but this time it is due to the mass transport losses.  
These different sort of losses stated have an important role in the fuel cell 
performance and will be explained in the following sections . 
 
 
 
Graph 1: Polarization curve [11] 
Simulation of the cooperation of alternative sources of energy to supply electric power 25 
 
7.7.1 Activation losses 
The electrochemical reaction requires a voltage difference from the equilibrium, which exists 
thanks to the activation losses. These losses are related to the slowness of the 
electrochemical reactions in the electrodes, which are at the same time related to the 
activation energy explained in the catalyst section (7.4.3).  
In the oxygen reaction, carried out in the cathode, the energetic barrier is higher and 
therefore it is a much slower reaction than the hydrogen’s. Being oxygen’s reaction the 
slowest, it is the one considered to calculate the activation losses, which are described by the 
Tafel’s equation [17]:   
               
  
   
   
   
  
  
This equation was discovered after analysing experimental data and states that there is a 
general pattern for the electrochemical reactions regarding the overvoltage at the surface of 
an electrode. The terms considered are,  
- V0 (V) is the open cell voltage 
-    (A/cm
2) is the exchange current density  
-   called the charge transfer coefficient and is the proportion of the electrical 
energy applied that is used for changing the rate of an electrochemical 
reaction. 
-     (A/cm
2) is the output current density 
There is a continual backwards and forwards flow of electrons from and to the 
electrolyte, which is the exchange current density. The exchange current density is 
the key to make the activation overvoltage as low as possible. Therefore it is 
important to make its value as high as possible by increasing activity of the surface of 
the electrode and having as a consequence a reduction in the losses.  Different 
strategies can be used in order to achieve this goal; raising the cell temperature, 
using more effective catalysts, increasing the reactant concentrat ion by using pure 
inlet flows or increasing the pressure. 
In addition, whenever two different materials are in contact, there is another factor 
affecting the performance of the fuel cell; the charge double layer effect. It is due to 
the diffusion, the applied voltages and the reactions between electrons and 
electrolyte’s ions. Charges get accumulated and turn out to generate a potential 
difference which is an extra factor added to the activation losses. Indeed, it can also 
26   
  
have positive connotations since it damps the voltage variations in case of sudden 
changes in the necessary current to be supplied acting alike a capacitor.  
 
7.7.2 Fuel crossover and internal currents 
Although being the membrane made out of non permeable to gas material, there is 
still the chance of a small amount of hydrogen crossing it and reaching the cathode. 
As a consequence, each hydrogen molecule that crosses the membrane equals two 
electrons not having reached the cathode trough the external circuit and therefore 
there is less energy produced. This effect is known as fuel crossover. It is not an 
important effect whilst working but as long as the current density is small or in case of 
open circuit, these losses can be harmful. The reason is that while working, the 
thickness of hydrogen on the catalyst’s surface gets reduced hence the intensity of 
the factors helping hydrogen to cross the membrane is fewer. 
In addition, in low-temperature cells, such as PEMFC, it does cause a very noticeable 
voltage drop at open circuit that can be approximately quantified as 20 %. 
Moreover, electrons crossing over the membrane from anode to cathode is known as 
internal current. Actually, the effect of two electrons not following the external circuit 
is exactly the same as the fuel crossover. 
Assuming the importance of these sorts of losses in the PEMFC the equation used for 
the activation overvoltage should consider as well the internal current (  ),[18]: 
               
  
   
   
      
  
  
7.7.3 Ohmic losses 
The resistance is mainly caused by the electrolyte and the voltage drop is simply 
proportional to the current as stated by ohm’s law,  the equation used is divided by the 
area in order to be consistent with the others, 
     
Where, 
- r (kΩ*cm2) area specific resistance 
- i (mA/cm2) current density 
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7.7.4 Mass transport losses 
Both hydrogen and oxygen’s concentration change depending on the current being 
taken from the fuel cell. Because of that there is a reduction in their respectively 
partial pressures. This drop in the gas pressures will result in a reduction in voltage. 
There is no analytical solution to the problem of modelling the changes in voltage but 
Kim et al. and Laurencelle et al. made an approach that gives a very good fit to the 
results provided the constants m and n are chosen properly [17]: 
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8. PEMFC Simulink Model 
The Proton Exchange Fuel Cell model and controllers were developed using 
MATLAB/Simulink. The combination of both systems calculates the voltage generated 
depending on the set pressure and the current intensity. Since Simulink is a powerful and 
intuitive tool it is possible and easy for the user to plot the variation of any desired parameter. 
In order to start the program working the data for the constants must be set and can be found 
in the Annex 1. Moreover, the model enables the user to simulate the voltage generated by 
any number of fuel cells just by changing the adequate parameter. 
In the sequential sections there is a detailed explanation of the equations implemented and 
the Simulink’s schemes. 
 
8.1 Overview of the FC Model 
As in any mathematical model there are some situations that are not considered and 
so its calculation would bring unreal results. To avoid the reader getting confused, 
these are the assumptions being made:  
- Due to a slow response time of the stack temperature the operating stack 
temperature is assumed to be constant and equal to 353 K. 
- The mole fractions of the inlet reactants are assumed to be constant to build 
the simplified dynamic PEFMC model and their values are as follows: the 
fraction of hydrogen is 0.99, the fraction of oxygen is 0.21 and the fraction of 
nitrogen is 0.79. 
- By supposing that all the gases are ideal the ideal gas law is applied.  
- It is assumed that liquid water does not leave the stack. 
- The water entering the fuel cell is fed through the cathode and anode by the 
humidification of the inlet flows. 
- According to the psychometric chart, since the working temperature is above 
60 ºC it is considered that the air will always dry out the electrodes faster than 
the water is produced. 
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Furthermore, to set the basics of the model the simplest idea of the main blocks 
composing one fuel cell is showed in the following scheme. 
 
 
 
 
 
 
 
 
 
 
 
 
Basically, the amount of hydrogen and air to be supplied is decided depending on the 
hydrogen and oxygen’s pressure. No sooner has this quantity been supplied, than the anode 
and cathode calculate the disappearing and remaining quantity of every element as well as 
its pressure. By knowing every element’s pressure it is then possible to calculate the voltage 
that would be obtained. 
  
Hydrogenpressure 
Oxygen pressure 
Oxygen and water 
pressure 
CONTROL  
CATHODE 
ANODE 
VOLTAGE 
Hydrogen flow 
Oxygen flow 
Hydrogen pressure 
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8.2 Anode 
With reference to section 7.3 the anode is the part where the fuel is introduced and 
dissociated. Therefore, the anode block consists of the hydrogen and water models. 
Each partial pressure of the gases taking part in those models is defined as state 
variables of the PEMFC. Moreover, there is a control of the hydrogen pressure and 
water humidity, as mentioned previously. Thus the water management control is 
included in it to guarantee that the humidity is set around 85 -100 % but the hydrogen 
control is carried out by an external block. 
In Figure 8 the general scheme of the anode model is shown 
 
 
8.2.1 Hydrogen 
The fuel supplied in the anode is pure hydrogen whose molar fraction is considered 
99 %. The relationship between the inlet and outlet hydrogen flows is defined by the 
general mole conservation rule:   
   
  
                    
 
 
Since the model inputs and outputs are partial pressure instead of moles per second 
by using the ideal gas law the partial-pressure derivatives are obtained:  
Figure 8: Anode model 
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Where       is the inlet hydrogen flow coming from the control model,        is the 
amount of hydrogen transformed to water and finally the       is the flow that leaves 
the stack. In the anode model the last two terms are carefully calculated as follows:  
 
-        
From the basic operation of the fuel cell we know that two electrons are transferred 
for each mole of hydrogen, therefore: 
                       
Dividing by time, and rearranging 
                    
 
   
  
    
 
  
Where I is the intensity and F the Faraday’s constant. 
As it can be deduced, it is possible to calculate the usage of the fuel by knowing the 
current density obtained thanks to the Faraday’s constant. 
 
-        
Basically, the flow leaving the stack is the hydrogen remaining after the reaction has 
been carried out. The technique used to identify the hydrogen in between other 
elements should be the molar fraction but according to the ideal gas law partial 
pressure is used instead. The equation used is: 
                    
   
 
   
      
  
Finally, it is shown in the following Figure 9 how the Simulink’s scheme looks like for 
the hydrogen in the anode side:  
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8.2.2 Water 
The water existing in the anode is due to the by-product of the reaction. The basic 
mole conservation rule states: 
          
  
                          
And as already explained it can be changed into partial-pressure derivatives to 
become:  
     
  
 
   
  
                           
There are two facts to take into account for modelling the water in the anode side: 
Electro-osmotic drag and back diffusion flow. 
The first of them, assuming that our system is the anode, is an outlet flow caused by 
the hydrogen’s protons that pull water molecules through the membrane and to the 
cathode. The water content in the membrane and the intensity are the parameters 
that regulate this effect with the following equation: 
             
   
 
 
The electro-osmotic drag coefficient (wd) can be calculated with the membrane’s 
water content, but its value is almost constant and has been fixed at 1.  
Figure 9: Hydrogen model (ANODE) 
Figure 10: Hydrogen model 
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The second fact is an inlet flow due to the excess of water in the cathode. The 
amount of water entering the anode because of the back diffusion flow depends on 
the membrane’s thickness and the humidity in each site of the membrane.  In that 
case Fick’s first diffusion law is used to simulate this effect.  
            
                   
  
 
Where, 
-    is the membrane thickness 
-      is the water concentration in each side of the membrane and is calculated 
taking into account the membrane dry density, the equivalent molar weight and 
its water content on each side. 
     
  
  
    
 
- Dw is the water diffusion coefficient and depends on the fuel cell’s temperature 
and the membrane’s water content. However, in the model the parameter that 
depends on the water content (  ) is constant and equals 1.25*10
-6. This 
coefficient is calculated as follows:  
 
                
 
   
 
 
 
   
 
Furthermore, the proton conductivity is directly proportional to the water content and 
as stated earlier the humidity must be set at around 85 -100 % for the membrane 
being able to be fully working. However, since in the cathode there is no air flow it is 
not possible to calculate the relative humidity.  
Nevertheless, it is made sure that the water pressure value equals 0.472 atm which 
corresponds to its saturation pressure and because of that it is assumed that the 
water is in the vapour form. In case the water’s pressure is below this value more 
water is needed in the anode side, the amount of which is calculated through the 
ideal’s gas law as you can see in the following Figure 11. 
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Figure 11: Water model 
(Anode) 
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8.3 Cathode 
The cathode is where the water formation reaction takes part; hydrogen is coming 
through the membrane, oxidizer is supplied and water is produced as a by-product. It 
is composed of the water, oxygen and nitrogen model. Again each partial pressure of 
the gases taking part in the models is defined as state variables of the PEMFC. 
Likewise in the anode model, there is a control of the nitrogen and oxygen pressure 
and another for the water management. However, the control for the oxygen pressure 
is carried out by an external block. 
In Figure 12 the general scheme of the cathode is shown: 
 
  
Figure 12: Cathode Model 
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8.3.1 Nitrogen 
The nitrogen entering the cathode is one of the air components; it is exactly the 79 % 
of the input air flow. This has no role in the fuel cell reaction or any drawback so it is 
just guaranteed that its pressure plus the other element’s pressure present in the 
cathode is set around the exact value. As a consequence, at almost any time the exit 
flow rate is the same as the entry one. 
Similarly to the other elements the mole conservation rule for nitrogen is: 
   
  
              
And by applying the ideal gas law the partial-pressure derivatives are obtained:  
    
  
 
   
  
               
The first term of the partial-pressure derivative expression, the nitrogen inlet flow, is 
obtained multiplying the input flow of air by 0.79 and by a proportional factor in order 
to change units from SPLM to mole/s. 
The other term is very simple theoretically but is sophisticated to implement since the 
pressure control is carried out in the same model. Let’s define the nitrogen leaving 
the fuel cell first: 
            
   
 
   
     
      
  
The aim of the control system is to make sure that the pressure in the cathode is 1.5 
atm. It is necessary to compare the real pressure with the set pressure and use the 
partial pressure of the nitrogen and a proportional factor to decide the mole/s leaving 
the stack in case of overpressure. It is mathematically expressed as:  
       
  
   
 
   
 
   
     
              
                      
        
 
 
The way all of these equations are implemented can be checked in the Figure 13. 
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8.3.2 Oxygen 
The oxygen entering the fuel cell corresponds to the 21 % of the inlet air flow. It is 
important that its quantity is in excess so that the reaction can happen as long as 
there is enough hydrogen. Likewise with the other input flows, there is a proportional 
factor applied in order to change units from SPLM to mole/s.  
As mentioned in the hydrogen case, the control of its pressure is carried out by an 
external block. So only the relationship between inputs and outputs is described 
below. First of all, there is the molar conservation rule applied in this case and the 
transformation to the partial-pressures derivatives: 
   
  
                     
    
  
 
   
  
                      
 
The flow of oxygen entering the fuel cell,     , is set by the pressure control. 
Moreover, the       , is the amount transformed to water which is, of course, related 
Figure 13: Nitrogen model 
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to the hydrogen used. In this particular case there are four electrons exchanged as 
can be deduced from the reaction (check section7.3): 
                           
   
   
 
Therefore, 
       
   
   
 
Finally, the amount leaving the fuel cell,        is calculated similarly to the 
hydrogen’s. The quantity to remove is the amount remaining multiplied by its partial 
pressure for the reasons already explained. 
                      
   
 
   
          
 
  
 
The implementation of the equations can be checked in Figure 14: 
 
  
Figure 14: Oxygen model 
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8.3.3 Water 
The water model is divided in two different parts: water produced and water 
management. In the first part the inputs are the hydrogen flow and the current 
intensity.  
First of all, as stated several times the conservation rule and the partial -pressure 
derivatives that sum up the water transformation are expressed: 
            
  
                              
             
  
 
   
  
                               
On one hand, the produced water model has a lot in common with the hydrogen’s 
hence the hydrogen is the limiting factor (check section 8.4) and the amount of water 
produced is linearly related to the fuel input flow.  
                   
   
   
 
As has been mentioned before in section 8.2.2 there is another inlet flow of water due 
to the electro-osmotic drag. Obviously, the equation to calculate this fact is the same 
as in the anode’s water model therefore the reader is encouraged to check that 
section again. 
The reason why there is some water leaving the cathode in this part of the model is 
because of the back-diffusion flow. Again the equation to calculate this fact is exactly 
the same as the one mentioned in the water model in the anode. 
On the other hand, the water management system calculates the relative humidity 
and compares it at the same time to 1 and to 0.85. There can be two cases in which 
an action has to be carried out in order to compensate the mismatching:  either being 
the relative humidity less than 0.85 or above 1.  
 
- Below 0.85: means that there should be water entering the fuel cell, the 
amount of which is calculated with the ideal gas law and introduced by the 
humidification of the air input flow. Later on it is multiplied by a proportional 
factor in order to accelerate the convergence.  
 
- Above 1: there is no water entrance since the amount existing should be 
reduced and the same equation is used but to determine the quantity to be 
removed. 
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The mathematical expressions used are based on the binary logic through the 
relational operators. 
Finally there is attached the scheme of the water model in the cathode (see Figure 
15). 
 
 
 
 
  
Figure 15: Water model 
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8.4 Control Model 
The goal of the control model is to decide the amount of reactants to enter the cell by 
comparing their pressure with the set pressure. The considerations taken into account 
to decide the set pressure for each reactant are based in the difference of the 
volumes and the reactions’ stoichiometry.  
So if we express these relations in the ideal’s gas law:  
    
      
   
 
    
      
   
 
Assuming that Vc=2*Va we can change the oxygen expression to: 
     
      
   
 
As can be deduced from the expressions above, if the oxygen’s set pressure is half of the 
hydrogen’s we would get the same amount of reactants moles. This fact makes the 
hydrogen become the limiting factor and its used quantity is directly related to the 
water formed whereas the oxygen is in excess, so there will always be enough 
oxygen to let the reaction take place. 
Once aware of the importance of the control model, the implementation is 
subsequently explained. The oxygen and hydrogen control systems are alike; the 
pressure of each component is the input and it is compared to the set pressure. Later 
on, the difference between both pressures values is multiplied by a proportional 
factor. To sum up, the following equations express the calculation process:  
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8.5 Voltage Model 
The output fuel cell stack voltage is defined as a function of the stack current, 
reactant partial pressures,fuel cell temperature and membrane humidity: 
                                        
In the above equation we can see that the thermodynamic potential of the cell or 
reversible voltage is calculated through the Nernst equation: 
      
 
  
          
  
  
     
       
           
   
The first term of the equation makes reference to the open cell voltage but in reality 
there are a lot of irreversibilities that even without current do not allow the cell to 
reach this open circuit theoretical value (see section 7.6).  
At the same time, the other terms refer to the losses due to:  
 
-            : Rate of reactions on the surface of the electrodes. 
 
               
  
   
   
      
  
  
 
-       : ohmic voltage drop from the resistances of proton flow in the electrolyte  
 
                
 
-                 : voltage loss from the reduction in concentration gases or the 
transport of a mass of oxygen and hydrogen. 
 
                                
The values for every constant can be found in the Annex 1.  
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9. Evaluation of the optimal working point 
The optimal working point is the one in which the consumption of hydrogen and the 
output voltage obtained are optimised. The experimental data obtained is from testing the 
model in different pressure and intensity conditions. 
The simulations carried out to collect the data take into account the maximum possible flow 
to be fed in each side of the cell. This amount is calculated through the ideal gas law, in 
which volume and temperature are fixed, and the pressure is 25 % atmospheres more than 
the set pressure so that it allows the model to reach a higher pressure in order to converge 
sooner.    
 The data is obtained by running the simulation in four different pressures and ten different 
intensities ranging from 1 to 200 A. The following graph shows per each pressure 
(hydrogen’s set pressure) the relationship between the intensity and the voltage obtained. 
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As a consequence of the ohm’s law we can see that there is an inverse relation 
between those two parameters. Moreover, the higher the pressure is the higher the 
output voltage. However, this is a very general graph that leaves a lot of variables to 
be fixed therefore following there is another graph in which the hydrogen flow is 
compared with the intensity and the voltage plotted by set pressure: 
 
The meeting points between the output voltage of the cell and the relation of 
hydrogen flow and intensity are the optimums. Assuming that we want to minimize the 
hydrogen input to get the maximum output voltage with a reasonable value of 
intensity, the set pressure of 3 atmospheres for the hydrogen seems to be the best 
choice. The reason is that although the voltage value is almost constant, the 
hydrogen input flow gets reduced as increasing the intensity and the 3 atmospheres 
is the right point in between those considerations. Therefore, the intensity for running 
the model falls in the middle of 100 - 150 A so its right value to have the model 
working in the optimal conditions is 125 A. 
To sum up, the optimum point is to have the model running at the set pressure of 3 
atm for the hydrogen and in an intensity of 125 A, conditions in which its consumption 
of hydrogen is 0.9941 SPLM and the output voltage obtained is 0.8264 V. 
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10. Reliability of the fuel cells’ model 
The aim of this section is to verify the reliability of the model. The efficiency, power density 
and the water produced are compared to the data from the currently working PEMFC.  
On one hand, the optimal working point of one fuel cell in the model is to generate 0.8264 V 
in an intensity of 125 A. In these conditions the hydrogen used is 0.9941 SPLM.   
On the other hand, the data obtained from the working fuel cells ¡Error! No se encuentra el 
origen de la referencia.  states that the efficiency of a fuel cell is around 40-50 %, the power 
density is around 0.72 W/ cm2. Moreover, the water produced is 6 kg/h if supplying 10 kW, 
which in case of supplying 120 W corresponds to 72 g/h. 
10.1 Efficiency 
First of all, let’s see how much energy could be obtained theoretically from these 0.9941 l/min 
in order to later check the efficiency. 
      
 
   
 
    
    
 
       
   
 
     
    
 
    
      
                     
The practical electrical power obtained when running the model is: 
                      
Therefore the yield of the model is: 
  
     
          
 
     
     
       
The model’s efficiency obtained is in the range of the expected efficiencies to be obtained 
from a PEMFC mentioned in section 7.1.1. This is a value lacks to consider all the existing 
losses and random occurrences such as irreversibilities. 
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10.2 Water produced 
The water produced is linearly related to the intensity and its value is 41.975 g/h. As 
mentioned before, the theoretical value for the water produced is 72 g/h. The error in that 
case is 41.7 %. The reason of this difference in is due to the water management control 
implemented. The one working in the model makes sure that the humidity is around 85 -100 
% and in case this value is not reached there is some extra water introduced to the cell by 
humidifying the reactants.  
 
10.3 Power density 
We know that the power generated is approximately 103 W and by considering the 
membrane area of 232 cm2, the power density turns out to be 0.444 W/cm2.  
The error committed if compared to the data stated in section 7.1.1 is 38 %. The reason of 
these values mismatching is due to the low electrical power generated. Although the 
efficiency is in the right range, since the water produced has an error, the value used as the 
theoretical energy obtained if burned is also affected by this. Finally, the power obtained and 
the hydrogen’s usage are affected by a similar rate being the reason to have the right 
efficiency but a mismatch in the expected power density and water production.  
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11. Conclusions of the PEMFC’s Simulink model 
In the following sections the model is tested under changes in different parameters and its 
results are analysed by being compared with the theoretical explanations. 
 
11.1 Changes in Temperature 
11.1.1 Activation losses 
The temperature has an effect in the activity of the molecules – more temperature, more 
activity. Arrhenius’ Law explains the relationship: 
      
   
   
Where k is the rate at which the reaction takes place, A0 is a constant value corresponding to 
the pre-exponential factor, Ea is the activation energy that is also constant, R is the ideal gas 
law’s constant and T refers to the Temperature. 
In order to show the effect of temperature variation, the natural logarithm of the reaction’s 
rate is plotted against the temperature’s inverse: 
             
  
  
 
 
 
Figure 16: Arrhenius' Law 
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Although the graph changes from reaction to reaction due to the pre-exponential factor and 
the activation energy, the patron is the same. Basically, the higher the temperature is, the 
higher the reaction’s rate becomes and so the current density increases. This parameter has 
a role in the activation losses since they consider the slowness of the reactions. Apparently, 
since the reaction is carried out faster, the amount of energy necessary to enhance it to take 
place is reduced and by this the activation losses should decrease. The following graph 
shows the behaviour of activation losses depending on the operating temperature in the 
model. 
 
The reason of the model’s reality starts by having a constant value of the exchange current 
density, which has been fixed considering the electrode’s material and the reaction taking 
place. Moreover, not only the order of this value is much lower, but also its effect in the 
general equation is through a logarithm. However, Le Chatelier’s principle can explain the 
increase in the losses: 
“When a system at equilibrium is subjected to change in concentration, temperature, volume, 
or pressure, then the system readjusts itself to (partially) counteract the effect of the applied 
change and a new equilibrium is established.” 
In this particular case if the temperature is raised up the heat – which is a product because 
the reaction is exothermic- increases having as a consequence that the reaction goes back 
to the reactants in order to find the equilibrium. Because of that, the reaction’s rate decreases 
and there is more energy needed to enhance it to take place.  
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To sum up, as the model shows the Chatelier’s principle has more importance than the 
Arrhenius’ law, which means that although the activity of the molecules increases with the 
temperature its change is negligible compared to the change in the reaction’s rate caused by 
the heat increase.  
 
11.1.2 Efficiency 
First of all, the enthalpy varies with temperature having as a result a variation in the 
maximum efficiency achievable by a fuel cell. In the next graph the theoretical efficiency limit 
and the efficiency data obtained from the model are plotted making a difference between the 
model’s ideal efficiency (without considering losses) and the model’s real efficiency. 
 
The main point is that the results are coherent since no model’s efficiency value obtained 
overcomes the maximum efficiency limit and the model’s real results are in the range of the 
theoretical ones mentioned in section 7.1.1. Also all the slopes are negative, which is in 
concordance with the activation losses’ (see Graph 4), the more temperature, the more 
losses and the least efficiency achieved. 
Ideally, the model’s efficiency would correspond exactly to the maximum efficiency possible 
but because of the three types of losses considered it does not. Therefore, there are some 
losses that the model lacks to take into account: the convective transfer due to pressure’s 
gradient, which can develop to an undesirable flow of ions, and the lost of heat’s energy.  
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Finally, despite the fact that the efficiencies are not high compared to other energetic 
sources, fuel cells are an important innovation because of its clean by-products, the air as 
reactant and the capacity to supply energy as long as there are reactants enough.   
 
11.1.3 Voltage 
In order to extract conclusions of the voltage obtained it is crucial to mention the polarization 
curve, which is the result of plotting the output potential for different current densities. It has 
got a characteristic shape due to the fact that in every PEFMC each type of loss affects them 
in the same way. 
 
The curve is similar to the general one from the currently working PEMFC (check section 
7.7). 
The four main points to discuss are: 
1- The open circuit voltage value is slightly lower than the calculated in section 7.6, 
because of the irreversibilities considered in the Nernst equation. 
 
2- During the lower current densities there is a high negative pendent 
A proportion of the voltage generated is lost in driving the chemical reaction that transfers the 
electrons to or from the electrode -effect caused by the activation losses. In addition, there is 
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not only hydrogen able to cross the membrane (Cross-over) but also electrons (internal 
current), that have as a result a lost in the reactants utilisation rate.  
 
3- Constant negative pendent  
This constant pendent is the result of the ohmic losses that is understood as the resistance 
to the flow of ions in the electrolyte. Therefore, the higher the current density becomes, the 
more fuel will be supplied and more ions will have to cross the electrolyte.  
 
4- Sharp drop in voltage caused by the mass transport losses 
In case the current density increase more fuel would be consumed, because of that there 
would not be the hydrogen’s amount necessary to keep working on that level. As a result, the 
sharp drop in the output voltage obtained is produced. 
The relative importance of the activation and ohmic losses are plotted in the following graph 
in order to prove the theoretical explanation based on the desired current density. 
 
The relative importance of both losses fits with the theoretical explanation – high importance 
of activation losses in the beginning and ohmic losses afterwards.  
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11.2 Change in Pressure 
The last parameter to evaluate is the pressure. Its change has been tested at a constant 
temperature of 80 ºC and its effect on the cell’s potential and hydrogen’s input flow is shown 
in the next graph: 
 
An increase in the set pressure is translated to a general increase of the other element’s 
pressures except for the water in the anode, value of which is fixed for thermodynamic 
reasons. As a result, the higher the working pressure becomes, the more moles per second 
required – deduced from the ideal’s gas law – and the higher the input flow turns out to be. 
Furthermore, the voltage is affected by the pressure through the Nernst equation, which 
considers the pressure of cathode’s water, oxygen and hydrogen. Since there is a general 
increase in pressure it increases as well. However, the rate at which the voltage increases is 
four times lower than the increase rate of hydrogen’s flow. Therefore it is concluded that the 
best is to work in a lower pressure with a reasonable output voltage and hydrogen required 
flow. 
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12. Reaction time 
The aim of this section is to verify that the fuel cell is able to react fast to changes in the 
inputs values. Since the project is focused to supply energy to the dormitory or the faculty, it 
is crucial to be able to generate energy in a constant value to fully satisfy the demands.  
The energy produced by the photovoltaic cells cannot be constant yet a cloud would alter the 
intensity of radiation received by the cell. Therefore, fuel cells must be able to overcome the 
peaks by producing more or less energy at the moment it is needed.  
In order to better appreciate the fuel cell’s reaction time, a random electric power is fixed so 
that the order of the power provided by the two different sources is the same. As you can see 
in the following graph there is an example of the variation in the solar power production. The 
values are obtained minute by minute from 10:45 to 11:00 in a summer day during August. In 
the same graph not only the power generated by the fuel cell is plotted, but also the required 
power by a general load. 
 
As we can see the fuel cell reacts at the same time as the solar power production changes 
and the combination of both sources of energy turns out to be a rather constant power with a 
higher value than the required. Although in the reality is not possible that the energy 
produced is higher than the required, the conclusion extracted is that the modelled system 
can meet the demand without variations as it clearly reaches the amount required. 
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Furthermore, in Graph 10 the change produced in one minute (from 10:47 to 10:48) is 
zoomed to better devise the immediate reaction of the fuel cell towards the behaviour of the 
solar production.  
 
As a conclusion, the model cannot simulate the reality exactly since it produces more energy 
than the necessary -so it lacks to consider the all the losses. However, it proves that fuel 
cells are able to cooperate with photovoltaic cells without the need of an extra battery for two 
different reasons: 
 
- The fuel cell modelled has no delete in time to compensate any variation in the 
photovoltaic production, so an almost constant power is obtained by this cooperation. 
 
- The total power produced is slightly higher than the necessary so the exact amount 
required can be delivered without variations. 
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13. Performance of photovoltaic and fuel cells’ cooperation  
The model is able to simulate how the combination of photovoltaic and fuel cells can work to 
either supply energy to the dormitory or the faculty. The high variability in the solar production 
depending on the weather conditions is the reason to get the model programmed to simulate 
the two extremist situations: summer and winter. 
To avoid the user preparing the simulations, there are two models already prepared, one for 
summer and another one for winter, which differentiate in the intensity regulator and the 
number of stacks working. The data obtained in both cases is evaluated in the sections 
13.1.2 and 13.2.2. 
Moreover, due to the calculation boundaries it is not possible to test the model in real time 
but in minutes instead of hours. Nevertheless, as seen in section 12 the fuel cell has no 
delete in time to compensate the intensity variations, which justifies that the time-change 
does not alter the conclusions to be extracted. 
 
13.1 Faculty 
The first case simulates how the combination of both alternative systems could work to 
supply energy to one of the faculties of KTU. Its demand values can be checked in the annex 
2. 
 
13.1.1 Data analysis 
 
- GENERAL ANALYSIS 
The data acquired from the faculty is the average hourly consumption in August and January 
and it is attached to Annex 2.  
Moreover, the solar data contains the solar power production every two minutes during one 
year. Although there is a mismatch in the data collected – year 2014/2015 for the faculty and 
year 2013 for the solar data-, it is assumed that the weather conditions are similar and 
therefore these values are representative of the different weather conditions in Kaunas. 
Because of that the data used is the January and August solar production and it is converted 
to average hourly solar production and can be checked in Annex 3.  
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- NUMBER OF PHOTOVOLTAIC CELLS 
The photovoltaic cells’ energy is cheaper since indeed once done the investment has no cost 
at all. Therefore, the idea is to implement as much solar cells as possible.  
The estimated area of the dormitory ceiling is of 1200 m2 and the solar data obtained is from 
a 10 kW cell whose surface is 90 m2, as a result 13 solar cells can be implemented.  
 
- CALCULATIONS OF NUMBER OF STACKS  
The hourly amount of energy that has to be produced by fuel cells is the difference between 
the demand and the hourly energy production of the 13 solar cells. 
The next step is to decide how many stacks are needed by considering the maximum energy 
that can be converted through an inverter. According to Salicru’s devices, the most suitable 
one is able to have 11 kW as output power. Consequently, all the calculations will consider 
this value though any other could also be possible.  
The highest amount of inverters necessary is 14 at 9 pm in winter and 5 at 7 pm in summer. 
Taking into account that the fuel cells must meet the shifts anytime, 14 stacks are needed 
during winter and only 5 of them will be working during summer.  
 
- CALCULATION OF THE NUMBER OF FUEL CELLS PER STACK 
As mentioned in section 9 the optimal working point of a single fuel cell is 125 A and 0.8264 
V, so the electrical power produced is 103.3 W. This is compared to the electrical power 
required per stack and by that different numbers of fuel cells need to be working in different 
times during the day. In order to fix a constant number of fuel cells per stack a monthly 
average is first calculated. The two values obtained are submitted to a weighted average, 
which gives 75 % importance to winter and 25 % according to the rate of fuel cells’ energy 
produced. After these calculations it is decided that 60 fuel cells will form one stack. 
 
- CALCULATION OF THE INTENSITY 
As the number of fuel cells per stack and the number of stacks working in summer or winter 
are fixed, the only variable is the intensity. The intensity changes every hour and it is 
calculated through Ohm’s law: 
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In this equation the potential of the cell is considered constant and equal to 0.8264 V. 
The hourly intensity values are summarized in Table 2. 
Time 
Ist (A) 
Winter Summer 
1 143 135 
2 124 119 
3 98 97 
4 94 94 
5 86 88 
6 101 100 
7 103 102 
8 116 110 
9 147 134 
10 161 141 
11 168 144 
12 194 165 
13 187 158 
14 154 131 
15 148 127 
16 161 138 
17 184 158 
18 192 170 
19 195 190 
20 188 172 
21 199 182 
22 199 196 
23 188 186 
24 154 144 
 
 
 
 
Table 2: Hourly intensity required values for the KTU faculty 
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- REAL SIZE OF THE PROPOSED SOLUTION 
 The results obtained and the fuel cells’ volumes are summarized in Table 3: 
 
  SUMMER WINTER 
Nº stacks 5 14 
N0 69 69 
Volume 5.1 m3 14.2  m3 
Since it is a faculty it assumed that there is room enough to have an empty space of 17 m3 to 
keep the fuel cells. 
 
13.1.2 Results 
- ELECTRIC POWER 
The results of the model’s test are plotted in the following time line Graph 11 and Graph 12.  
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The model is tested in two different intensities so that he highest one can guarantee that the 
right amount of electric power could be supplied. The patterns of the curves are similar, 
though the data from the model follows a rectangular curve.  
The Graph 12 for winter can cover the demand at almost any of the intensities in which it is 
tested. However, in summer there is a big mismatch: either is too sunny and more than 
enough electric power is produced or is working in a non optimal conditions and not enough 
energy is generated. Again it is due to consider a constant output potential. Therefore it is not 
designed to be working on these intensity values, some solutions proposals are: 
 
- Variation of the number of fuel cells per stack 
On the one hand, if the number of cells per stack increases it would help winter to reduce the 
input intensity by being able to generate the right amount of energy at any time. However, as 
a consequence the intensity value in summer would be way too low avoiding the fuel cell to 
be working in the right range. 
On the other hand, if the number of cells per stack decreases the consequences would be 
the opposite.  
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Considering the situation only two possible solutions can exist: having stacks with different 
number of fuel cells using the ones with the lowest number in summer and the cooperation of 
all of them during winter, or using energy from the grid. 
 
- Using the electric energy from the grid in combination with both alternative energies. 
 
- HYDROGEN CONSUMPTION 
The consumption of hydrogen is higher in winter as the amount of energy required is also 
bigger. For the calculations the start-up transient state is not considered, but it is assumed a 
constant hydrogen flow entering the cell.  
 
The hydrogen flow entering the cell would empty a hydrogen bottle in one day. 
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In case of summer one bottle would last 6 days since the hydrogen’s usage is 0.15 
bottle/day. 
 
 
13.2 Dormitory 
The second stage is the KTU dormitory number 5. In that case the electrical power required 
is lower than the faculty’s and because of that less investment should be done to power the 
building by alternative energies. The average hourly energy demand in August and January 
can be checked at Annex 2.  
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13.2.1 Data analysis 
First of all, the data in which the work stands on is a theoretical approximation based on the 
number of rooms, kitchens and an estimated simultaneity factor. The steps to analyse the 
power demand are the same as for the faculty so the reader is encouraged to check section 
13.1.1 in case of doubt. 
1. Number of photovoltaic cells working 
2. Calculation of power to be supplied by the fuel cells 
3. Calculation of number of stacks considering groups of 11 kW - 15 stacks are required 
4. Calculation of number of fuel cells per stack – 65 fuel cells per stack 
5. Calculation of the hourly required intensity  
The results for the hourly intensity are summed up in the following table: 
 
Time 
Ist (A) 
Summer Winter 
0:00 26 22 
1:00 26 22 
2:00 26 22 
3:00 26 22 
4:00 26 22 
5:00 24 23 
6:00 17 161 
7:00 193 137 
8:00 164 70 
9:00 84 0 
10:00 0 0 
11:00 26 55 
12:00 65 84 
13:00 98 55 
14:00 63 25 
15:00 28 15 
16:00 16 90 
17:00 72 109 
18:00 116 160 
19:00 189 180 
20:00 216 200 
21:00 280 159 
22:00 190 129 
23:00 155 22 
Table 4: Required hourly intensity for the dormitory 
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- REAL SIZE OF THE PROPOSED SOLUTION 
 The results obtained and the fuel cells’ volumes are summarized in Table 5: 
 
  SUMMER WINTER 
Nº stacks 15 15 
N0 65 65 
Volume 14,3 m3 14,3 m3 
 
13.2.2 Results 
 
- POWER GENERATED 
The results obtained by the model are plotted in the two following graphs. 
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Both graphs show that if the intensity inlet value is the calculated one, the power obtained 
should be exactly the same as the required one for that focused point. The reason why in 
higher intensities it does not happen is due to assume a constant voltage of 0.8264 V during 
the calculations. As seen in section 11.1.3 the voltage changes depending on the current 
density, so in case of higher intensities the voltage gets reduced in a higher rate due to the 
mass transport and ohmic losses having as a result a lower power value.  
Moreover, since the model runs minutely the output power remains constant generating the 
rectangular curve’s shape. However, the power required has not the same rectangular shape 
and consequently in order to make sure that the demand is also covered, the calculated 
intensity is increased by a 20 %. By doing this change in summer the demand is totally 
covered while in winter is not. The reason of this difference is again the assumption of a 
constant output potential as can be deduced from the highest peak -the more electric power 
is needed, the biggest becomes the mismatch. Therefore, in these intensity values the model 
is not in its working range and adding more fuel cells per stack could be a solution. 
 
- HYDROGEN CONSUMPTION 
The hydrogen consumption has a peak at the very beginning to start the fuel cell working. 
After a while it remains in a rather constant value, which is in summer and winter, of 814 
SPLM or SPLM per fuel cell, as can be seen in graphs 18 and 19.  
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Assuming that the hydrogen is provided in 8,9 m3 and 200 bar bottles with this consumption’s 
values and without considering the transient state to start up, 0.63 bottles are needed daily. 
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Graph 18: Hydrogen entering flow in Winter 
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14. Conclusions 
The PEMFC model is proved to be perfectly working by obtaining the polarization curve, in 
which different losses affect in different regions according to the theoretical explanations. It is 
therefore possible to consider reliable the simulation of this model in combination with the 
data obtained from a 10 kW solar panel located in Kaunas. 
The fuel cell can perfectly react in time in case of a sudden change in the inputs. Therefore, 
the cooperation of fuel cells and photovoltaic cells can run without the need of an external 
battery. This cooperation is important for two different reasons:  
- The main drawback of the fuel cells is the high hydrogen’s price, which is compensated 
with the non existing price to generate electric power through the solar panels. As a 
result, a more economical and 100 % environmentally friendly cooperation is proved to 
be able to work and supply energy either to the dormitory or the faculty. 
 
- It enables the option to become non-grid-dependent by generating the required electrical 
energy through alternative sources in the time it is needed provided there is enough fuel. 
However, the energetic demand in Lithuania evaluated changes a lot from summer to winter, 
making the fuel cell having to work far from its optimum point which happens not to meet the 
needs with the electric demand. The key to solve this problem is to find out the exact number 
of fuel cells that should be connected together in series to form a stack - if there are too 
much, the intensity is below the working range of the fuel cell’s capacity and vice versa. 
Furthermore, as seen in the economic evaluation, hydrogen in a massive production market 
could reach similar prices as oil’s. Therefore, fuel cells could even compete with the actual 
grid prices during the higher demand hours and so they could be used to avoid peaks or 
price penalties during high demand hours. 
Moreover, the distributed generation combining solar, wind and fuel cells power could 
perfectly become a new grid model that would guarantee the respect towards the 
environment and avoid the dependence on oil producing countries. 
To sum up, fuel cells in combination with photovoltaic cells are a feasible solution since its 
cooperation is fully working by compensating the mismatches between the solar energy 
produced and the required energy to be delivered. Nevertheless, as long as there is no 
change in the hydrogen’s acquisition price the fuel cells usage has still a tough path, though 
the results have already proved its reliability in different applications and its amazingly clean 
by-products.  
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Annex 
1. Data for the constants in the PEMFC model 
Va=5; %dm3 
Vc=10; %dm3 
R=0.082; %atm*L/K*mol 
F=96485; %C/mol 
Afc=232; %cm2 
alfa=0.5;  
N0=1; 
T=353; %K 
Io=0.0005; %A/cm2  
r=2.45e-4; %kohm*cm2  
m=2.11e-5; %V 
n=8e-3; %cm2/Ma 
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2. Energetic demands 
DORMITORY 
 
FACULTY 
  SUMMER WINTER 
 
  WINTER SUMMER 
Time REQUIRED (kW) 
 
HOUR REQUIRED [kWh] 
0:00 17,1 17,1 
 
1 106,659 37,381 
1:00 17,1 17,1 
 
2 92,625 32,462 
2:00 17,1 17,1 
 
3 72,977 25,576 
3:00 17,1 17,1 
 
4 70,17 24,59 
4:00 17,1 17,1 
 
5 64,557 22,625 
5:00 17,1 18,1 
 
6 75,784 26,56 
6:00 18,1 148,4 
 
7 78,591 27,544 
7:00 148,4 149,4 
 
8 89,818 31,479 
8:00 149,4 118,8 
 
9 115,079 40,332 
9:00 118,8 64 
 
10 126,306 44,267 
10:00 64 95,9 
 
11 131,92 46,234 
11:00 95,9 126,5 
 
12 151,568 53,12 
12:00 126,5 141,8 
 
13 145,954 51,153 
13:00 141,8 110,5 
 
14 120,693 42,299 
14:00 110,5 79,2 
 
15 115,079 40,332 
15:00 79,2 55,9 
 
16 123,5 43,28 
16:00 55,9 70,2 
 
17 137,534 48,201 
17:00 70,2 85,5 
 
18 143,147 50,169 
18:00 85,5 124,8 
 
19 145,954 51,153 
19:00 124,8 141,1 
 
20 140,34 49,185 
20:00 141,1 156,4 
 
21 148,761 52,136 
21:00 156,4 124,1 
 
22 148,761 52,136 
22:00 124,1 100,8 
 
23 140,34 49,185 
23:00 100,8 17,1 
 
24 115,079 40,332 
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3. Solar energy production 
  WINTER SUMMER 
HOUR 
SOLAR 
[Wh] 
SOLAR 
[Wh] 
1 0 0 
2 0 0 
3 0 0 
4 0 0 
5 0 2,60774194 
6 0 117,007304 
7 1803,42293 548,322303 
8 3348,5888 1766,75613 
9 5044,65402 3381,32423 
10 5996,78852 5087,2079 
11 6288,373 5901,30442 
12 6584,29282 6246,06184 
13 6004,611 6665,78465 
14 5363,4683 6183,6166 
15 4716,57872 5512,91422 
16 3499,97443 4850,18139 
17 0 3609,77444 
18 0 1845,6032 
19 0 805,678305 
20 0 139,073079 
21 0 8,30099824 
22 0 0 
23 0 0 
24 0 0 
 
 
